To investigate the controversy regarding the means of adjusting the energy cost of physical activity measured by doubly labeled water for differences in body size. DESIGN: We performed a cross-sectional study of the energy costs of carefully reproduced light activities with careful control for fidgeting and other unnecessary movement. SUBJECTS: The study was performed in 23 healthy, young to middle aged adults with body masses between 39 and 118 kg. MEASUREMENTS: Energy expenditure was measured by respiratory gas exchange while subjects performed controlled light activities representative of activities of daily life. Body composition was measured by bioelectrical impedance analysis. RESULTS: The energy costs of individual controlled light activities were proportional to body weight except for mock vacuum cleaning. When the energy costs of all five activities were taken together, allometric regression analysis indicated that the energy cost of these light activities was proportional to body weight (slope ¼ 0.88 AE 0.07), but not to fat-free mass (1.24 AE 0.10), fat mass (0.27 AE 0.03) or resting metabolic rate (1.43 AE 0.12). CONCLUSION: Normalization of energy expenditure of physical activity by division by body weight is an appropriate means for comparing the volume (intensityÂtime) of physical activity between individuals of different body size.
Introduction
Prior to the first human use of doubly labeled water in 1982, measurement of total energy expenditure (TEE) in free-living humans was not possible. 1 Resting metabolic rate (RMR) and the thermic effect of meals (TEM) could be measured using respiratory exchange; but the third component of free-living energy expenditure, the energy expenditure of physical activity (EEPA), could only be estimated. 2 Since 1982, thousands of doubly labeled water measurements of TEE have been performed. Frequently, such data is reduced by first separating the expenditure into all or several of its component parts, ie RMR, TEM and EEPA. 3 This involves measurement of TEE by doubly labeled water, RMR by respiratory gas exchange, TEM by respiratory gas exchange or estimation, and calculating EEPA by difference. This analysis of this data is still controversial, particularly when individuals of different body size and composition are compared. Based on the recommendation from Ravussin et al, 4 RMR is generally compared by ANCOVA using fatfree mass as the covariant, although additional predictors including fat mass, gender, and age, among others, are sometimes included. TEM is typically compared by expressing the results as a percentage of the energy content of the test meal. 5 EEPA, however, has been compared using a wide range of data treatments with little agreement between investigators. Some investigators have performed the comparison with the data expressed in absolute terms (MJ=day). 6 While this is clearly appropriate when the study focuses on an individual's energy budget, it does not take into account the known effects of body weight on the energy costs of performing a physical task 7 and thus does not permit any inferences with regard to physical activity volume as traditionally calculated from the product of relative intensity (METS) and duration (h). 2 Because of this effect of weight, some investigators have used an analysis of covariance approach to adjust for differences in weight across the study population. 8 We have previously proposed dividing the EEPA by body weight, 9 while others have used the ratio of TEE to RMR or PAL (physical activity level). 10 The use of ratios such as PAL or EEPA=weight, however, can result in artifacts unless the dependent variable is proportional to the independent variable. Recently, several investigators have provided reminders that proportionality requires that the dependent variable be linearly correlated with the independent variable and that the intercept for the relationship not differ from zero. 11 The use of EEPA=weight has been criticized based on cross-sectional studies in which it has been shown that although EEPA correlates with weight, the intercept is nonzero. 12 It is our opinion, however, that this approach to testing for proportionality is not valid for crosssectional studies of EEPA. This is because the between-person variation in EEPA is not a simple function of weight, but rather a function of the intensity of each activity, the duration of the activity and the frequency of activity. While the intensity or cost of physical activity increases with weight, 8 it has also been observed that the duration and=or frequency of activity decreases with weight. 13 We suggest that this confounds the correlation approach because the separate effects of weight on physical activity both increase EEPA and decrease EEPA resulting in a nonlinear relationship.
To circumvent this confounder, several investigators have attempted to compare EEPA between individuals when the individuals were performing roughly the same activities. A recent study of individuals spending at least 24 h in a respiratory chamber, however, concluded that this normalization was an over-adjustment and instead suggested the use of the ratio of TEE to resting energy expenditure or PAL. 10 The authors used an allometric approach in which the log transformed variables are regressed on one another and found that the slope of log nonbasal energy expenditure regressed on log weight did not have a slope of unity, indicating that the energy expenditure of light activities were not proportional to body weight. These authors, however, did not control for interindividual differences in fidgeting and other light physical activities during the chamber stay. Furthermore, they estimated EEPA as TEE 7 RMR and thus failed to correct for TEM. A second recent study investigated the energy costs of light activities such as sitting, standing and walking. Although the energy expenditures of walking activities were found to be proportional to body weight, activities of sitting and standing were not.
14 The authors, however, note that fidgeting was not controlled between subjects in these later activities and thus interindividual variations in the small movements may have hidden a relationship with weight.
The aim of the current study was to measure the energy costs of light activities typically encountered in daily-life while carefully controlling for fidgeting and other confounding movement. The energy cost of light activity was tested for proportionality with weight, fat-free mass (FFM), fat mass and RMR. This comparison was made between individuals of widely varying weight for light activities performed under highly controlled conditions including fidgeting so that the activities would be identical between individuals.
Methods

Subjects
The 23 subjects for the light activity study were healthy nonsmokers having no known metabolic or respiratory diseases. Subjects were weight stable as defined by absence of a weight change exceeding 2 kg in the previous 3 months. There were 13 males and 12 females. Ethnicities were varied and included Caucasians, Asians, Hispanics and AfricanAmericans.
Protocol
Subjects fasted for at least 6 h and reported to the General Clinical Research Center (CRC) as outpatients. Height and weight were measured without shoes. Electrodes for bioelectrical impedance analysis were affixed to the dorsal surface of the right foot and mid-ankle bone, and to the dorsal surface of the right hand and at the pisioform bone near the wrist. The subjects lay prone with their arms and legs abducted from the body and resistance to a 50 kHz signal was recorded (RJL, model, 101, Clinton, MI, USA). Total body water was calculated as 0.593 (height 2 =resistance) þ 0.065(weight) þ 0.04 15 and FFM was calculated assuming 73% hydration. 16 Fat mass was calculated by difference from estimated nude weight and FFM.
As subjects continued to rest, metabolic rate was measured using a Delta Track Metabolic Cart (Sensor Medics, Anaheim, CA, USA). After calibration using standard gases, the clear plastic canopy was placed over the subject's head. Following a 10 min acclimation period, respiratory gas exchange was measured for 30 min and the average RMR calculated. 17 Subjects sat in a chair for 5 min and this initial chair resting energy expenditure was measured. For this measurement and all subsequent measurements, two clear plastic canopies were clipped together to form a 'space helmet' which was placed over the subjects' head to collect respiratory gases. Subjects then proceeded to perform five carefully monitored light activities. Each of these activities was performed for 15 min followed by 5 min of rest in a chair. The energy cost of each activity was taken as the average of minutes 6 -14 inclusive to allow for the gas exchange to plateau and to eliminate an artifact in the last minute due to some of the participants altering their activity in anticipation of the end of that activity. The 5 min rest provided complete recovery of resting energy expenditure. To demonstrate recovery, energy expenditures in the 4th and 5th min were compared with the sitting rate. They averaged 110 AE 6% and 100 AE 4% of the initial chair rest, respectively. The time course of the return to baseline also demonstrated that the doubling of the canopy volume did not excessively lengthen the system response half-life. The half-life is calculated to be International Journal of Obesity Energy costs of light activities DA Schoeller and G Jefford 1.4 min, which corresponds to a 90% response time of 4.5 min. The five activities are described below. Each was carefully monitored by one of the investigators to insure exact replication. A stopwatch was used to control the time between repetitive movements.
Activity I: the subject sat upright with their feet on the floor, their knees bent at a right angle and hands resting on their knees for 10 s. They then leaned back, crossed their arms at their chest and extended their legs crossing their ankles while keeping their feet on the floor. They maintained this position for 10 s and then returned to the original position.
Activity II: the subject sat upright at the front edge of a chair. A table was placed in front of them at waist height with two small boxes, one behind the other, each containing a 4 cm bolt. Using both hands, the subjects picked up the two bolts and transferred them to the alternate box, paused and then returned them to the original box. This cycle was repeated 30 times each min.
Activity III: the subject stood in front of a two-tiered table, one tier at waist height and the other at shoulder height. A 4 cm bolt was placed on each tier. Using both hands, the subjects moved these bolts to the alternate tier paused and returned them to the original box. This cycle was repeated 30 times per min.
Activity IV: the subject sat upright on the front edge of a chair, rose, moved to and sat in a second chair placed 150 cm away. The subject sat on the edge of the chair for 20 s, then rose and returned to the first chair. This was repeated with the subject changing chairs every 20 s.
Activity V: the subject stood on a tile floor gripping the handle of a 7.7 kg vacuum sweeper in their dominant hand, their opposite foot positioned one step forward, and their weight resting on their dominant foot. Every 5 s, the subjects pushed the sweeper ahead, stepped forward with their dominant foot, then returned to the original position, pulling the sweeper back. The nondominant foot was used as a pivot foot during this action and did not move. This cycle was repeated 12 times each min.
Statistics
Averages and standard deviations were calculated for each parameter. Energy costs of activity were calculated as the increment above the RMR. Pearson correlations were calculated for each activity and weight, FFM and RMR. For the regression analysis of all of the activities together, individual energy costs for each activity were weighted for the relative intensity of the five activities. The 95% confidence limits for the correlation coefficients were calculated using the Fisher Z score. 18 Analysis of covariance was used to test for any effects of gender or race on the energy costs of activity.
Results
Subjects were between 18 and 39 y. The average weight ( AE s.d.) was 72 AE 26 kg, height was 1.68 AE 0.09 m, and body mass index (BMI) was 25.2 AE 7.8 kg=m 2 . FFM averaged 50 AE 12 kg and fat averaged 27 AE 13% as assessed by bioelectrical impedance. Seven subjects were lean ( < 20 kg=m 2 ) and seven obese ( > 30 kg=m 2 ). Among subjects performing the controlled light activities, RMR averaged 4.6 AE 1.3 kJ=min and was highly correlated with FFM (kJ=min ¼ 0.018 FFM (kg) þ 0.22, r ¼ 0.95). The average energy costs of the activities (above RMR) were all less than 2ÂRMR. The energy costs of the five activities were: activity I ¼ 1.8 AE 0.8, activity II ¼ 2.4 AE 1.0, activity III ¼ 2.9 AE 1.5 activity IV ¼ 5.2 AE 2 and activity V ¼ 5.1 AE 1.31 kJ=min.
Linear regression analysis indicated that the energy costs of the light activities were moderately to highly correlated with all of the predictors investigated (Table 1) . Correlations were strongest for activity IV, standing up and changing chairs, and weakest for activity V, mock vacuuming, even though the energy costs were quite similar. The correlation coefficients with weight tended to be higher among the predictors tested and those for FM lowest, but the 95% CL were overlapping. Activity V was the only activity not to correlate significantly with weight ( Figure 1 ). This tendency remained when all the data were combined in a single correlation adjusted for the relative intensities of the five activities, but even with the larger sample size the 95% CL for the correlation coefficients were overlapping (Table 1) . Proportionality was demonstrated only for weight, however, because the intercept of the regression line against weight was not different from zero, whereas the other predictors had non-zero intercepts. Allometry was also used to test for proportionality between a predictor and the energy costs of these light activities. All values were log transformed and linear regression was done to determine if the slope was unity. The energy costs demonstrated poor proportionality with FM ( Table 2 ). The slopes for RMR were not very close to unity, but standard errors were large and the difference from unity only reached significance for activities I and V. Similarly, the slopes for FFM tended to be other than unity, but the difference reached significance only for activity I, which was very light activity. In contrast, the slopes for weight were tightly clustered about unity. The only exception was activity V, in which the participants were moving a vacuum cleaner and thus working against a mass other than that of their own body. When the data for all five activities were combined in an allometric regression adjusted for the relative intensities of the five activities, only weight demonstrated proportionality by having a slope that did not differ from unity (Table 2) .
Discussion
Previous studies have demonstrated that the energy costs of weight bearing physical activities increase in proportion to body weight. 2, 7 This study demonstrates that the energy costs of some typical light activities also increase in proportion to body weight. These activities, which are largely arm and leg movements, have energy costs above RMR that increase with body weight, although they do not all involve movement of the whole body. This differs from the findings of Levine et al for the simple activities of sitting or standing. 14 The studies differ, however, in that the study of Levine et al did not control the type or rate of fidgeting, whereas our study carefully controlled for them and indeed even measured the energy costs of fidgeting-like movements when they were performed on a regimented basis (activity I). Thus, we would expect that our findings would extend to fidgeting in that division of EEPA of fidgeting by weight would provide a measure of the volume of fidgeting.
Among the controlled light activities, the correlation with weight increased with increasing energy costs of the activity. Although physiological effects cannot be ruled out, this may reflect a diminution of the effect of measurement error with increasing energy cost. The energy costs of the very light activities are difficult to measure with high precision because they are not much greater than RMR. The measurement is therefore sensitive to minute-by-minute variations in expenditure and this variability probably limits the strength of the correlation between body weight and energy expended during the very light activity.
Not only do the energy costs of activities I -IV correlate with body weight, but the correlation tends to be stronger than with either FFM or RMR. There are exceptions among the light activities, however, as demonstrated by the mock vacuuming (activity V). We speculate that the energy expenditures during other light activities increased as a function of weight because the body limbs, the items moved during these activities, have weights that are proportional to total body weight. During the vacuuming activity, however, the subjects were also moving the vacuum cleaner that was of constant weight for all the subjects and thus not proportional to body weight.
One limitation of the current study is the use of BIA to estimate body composition. The modest errors associated with the estimate of FFM from BIA may have reduced the true correlation between FFM and EEPA. Previous studies, however, have shown a high correlation (r 2 ¼ 0.90) for 50 kHz resistance index against FFM. 19 On the other hand, it is also possible that the correlations that we observe between FFM and EEPA were inflated due to colinearity 
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While EEPA calculated from doubly labeled water is considered the best method for measuring the energy that an individual expends in physical activity, the method of comparing values between individuals to address the question of whether the energy expended is appropriate for body size has been controversial. Our results strongly support the use of physical activity index (PAl) in which EEPA is simply divided by body weight. The PAl is the best measure of physical activity where physical activity is taken as the product of duration and intensity in METs. Our results also indicate that adjustment of EEPA by FFM, FM or RMR is not appropriate and may be a source of artifacts when the goal is to assess the volume of physical activity. Our results are thus in disagreement with those of others who concluded that TEE=RMR was the most appropriate method of adjusting EEPA. 10 There are two differences between these studies, which explain the disparate findings. One difference between our study and that of Prentice et al 10 is that we eliminated TEM from our calculated EEPA. Inclusion of TEM would reduce the proportionality between expenditure and weight. We also controlled for individual variability in non-volitional physical activity by measuring EEPA of very specific activities and by investigating the effects of within-subject weight change and thus using each subject as his or her own control. Inter-subject variability in fidgeting would reduce the proportionality between energy expenditure and body weight. Thus, we conclude that weight is the appropriate adjustment for EEPA and that this should be done by taking the ratio of EEPA=weight when the goal is to assess pattern of physical activity in manner similar to assessment of time and relative intensity, ie MET h.
Some of these points can be illustrated using data published elsewhere. 20 Doubly labeled water measurements of TEE were compared between three groups of women, nonobese (weight, 56.0AE 4.4 kg), previously obese (weight, 67.0 AE 9.3 kg) and obese (weight, 92.0 AE 9.8 kg). EEPA averaged 3.3AE 0.4, 3.2 AE 0.9, and 4.2AE 1.0 MJ=day respectively. PAI averaged 61 AE 7, 48AE 15 and 46AE 13 kJ=kg day, respectively. We interpret the EEPA to indicate that the non-obese and previously obese women expended the same amount of energy in physical activity, while the obese expended more energy. The PAl, however, indicates that the increase in EEPA in the obese was due to increased weight and that they had the same volume of physical activity as the previously obese, but less than the non-obese. In a subgroup of the previously obese women who gained weight during the following 12 months, the final weight was 85 AE 16 kg, the EEPA was 4.1AE 1.2 MJ=day, and the PAl 48 AE 13 kJ=kg day. We interpret this as no change in the volume of physical activity, which was confirmed by 7 day physical activity recall and heart rate recording; but an increase in EEPA secondary to the weight increase. 21 
